INTRODUCTION 22 23
After entry into host cells, the genomic RNA of a positive-strand RNA virus is 24 translated using host translational machinery, to produce the replicase proteins. Then, 25 the replicase proteins synthesize negative-strand RNAs, which function as a template 26 for positive-strand RNA synthesis. In an early replication phase, the viral replicase 27 proteins must recognize the viral genomic RNAs rapidly and specifically in a pool of 28 exception of the first six nucleotides located at the 5′ ends and of two stem-loop 23 structures located at the 3′ ends of both genomic RNAs. RNA1 encodes putative RNA 24 replicase components, a 27-kDa protein (p27) of unknown function, and its 25 N-terminally overlapping -1 frameshifted product, an 88-kDa protein (p88) (23, 24, 26 65) that contains an RdRP motif (27) . Both p27 and p88 are required for the replication 27 of RNA1 and RNA2 in plants, protoplasts, and BYL (33, 40, 53; S. Sarawaneeyaruk, H. 28 RNA1 did not accumulate in the presence of puromycin (Fig. 1A, lanes 3 and 4) . These 3 results indicate that RNA2 used replicase proteins supplied in trans efficiently for the 4 synthesis of its negative-strand RNA and that despite the presence of sufficient 5 amounts of replicase proteins, RNA1 failed to serve as a template for negative-strand 6 RNA synthesis when translation was inhibited. These results support our previous 7 results of a cis-preferential requirement for p88 for RNA1 replication (40) and suggest 8 that the translation process of replicase proteins is required for the synthesis of 9 negative-strand RNA1. 10
Screening of cis elements required for the recognition of replicase proteins 11 using Strepto Tag affinity purification. What is the key factor that determines the 12 differential replication mechanisms between RNA1 and RNA2? We hypothesized that 13 a strong replicase-recruiter is present in RNA2 but not in RNA1. To test this and 14 identify the putative replicase-recruiter element, first we performed an electrophoretic 15 mobility shift assay (EMSA) using recombinant replicase proteins that were produced 16
in Escherichia coli and 32 P-labeled viral genomic RNAs. However, we failed to detect 17 any interaction between the replicase proteins and the full-length viral genomic RNAs 18 or viral RNA fragments in our experimental conditions (K. Hyodo, A. Mine and T. 19 Okuno, unpublished data). Next, we applied a Strepto Tag affinity purification method 20 ( Fig. 2A) (2) to study the interaction between the replicase proteins and the viral RNAs. 21
Strepto Tag is a 46 nt RNA aptamer that binds to streptomycin with high affinity. In 22 this study, we used a modified Strepto Tag sequence (STagT) (8) that binds to 23 streptomycin more efficiently than the original sequence. STagT was fused to the 3′ 24 end of viral RNA fragments that covered the entire RCNMV genome sequence (Fig.  25   2B ). STagT-fused RNA fragments were incubated with replicase proteins (p27 and 26 p88), which were expressed from R1-m1/dSLF in the 20,000 × g supernatant fraction 27
of BYL (BYLS20). After incubation, STagT-fused RNA-protein complex was affinity 28 purified through a column packed with streptomycin-conjugated beads. Purified RNA 1 fragments were detected by EtBr staining, and copurified viral replicase proteins were 2 subjected to Western blotting using an anti-p27 antiserum. In this assay, we used 3 membrane-depleted BYL (BYLS20), rather than membrane-containing BYL, for the 4 expression of replicase proteins, to reduce the stacking of the beads in the column with 5 the huge membrane-protein complexes, as RCNMV replicase proteins support 6 negative-strand RNA synthesis in BYLS20 (H. Iwakawa and T. Okuno, unpublished 7 results), despite the fact that RCNMV replicase proteins are membrane-associated 8 proteins (33, 55) . RNA fragments fused to STagT were purified successfully (Fig. 2C) . 9
The replicase protein p27 was copurified with the 3′-UTR of RNA2 exclusively (Fig.  10 2C). Interestingly, p27 was not copurified with any of the RNA1 fragments (Fig. 2C) . 11 p88, which is translated from R1-m1/dSLF via -1 ribosomal frameshifting, was 12 marginally detectable by Western blotting using an anti-p27 antiserum (data not 13 shown). 14 A Y-shaped RNA element located in the 3′ ′ ′ ′-UTR of RNA2 was sufficient for the 15 recognition of replicase proteins. Three main cis-replication elements have been 16 identified in the 3′-UTR of RNA2: the core promoter, consisting of a stem-loop 17 structure (SL13) at the 3′ end, another 3′ proximal stem-loop structure (SL11) (1, 19, 18 56, 61) , and a Y-shaped RNA element (YRE) (1). SL11 and SL13 are conserved 19 between the RNA1 and RNA2 of dianthovirus, whereas YRE is unique to RNA2 (1, 20 19) . YRE is composed of two small stem loops, SL7 and SL8, and a basal stem 21 structure (1; Fig. 3A ). The stem structures of SL7 and SL8, the loop sequence of SL8, 22 and the basal stem of the Y-shaped element are required for negative-strand synthesis 23 and replication of RNA2 in BYL and BY-2 protoplasts (1). We hypothesized that YRE 24 is required for recognition by replicase proteins. To test this, we introduced 25 site-directed mutations into SL7 and SL8 in the STagT-fused 3′-UTR of RNA2 (Fig.  26 3A), and Strepto Tag affinity purification was performed using these 3′-UTR mutants. 27
Stem-disrupted mutants (SL7-LM-S, SL7-RM-S, SL8-LM-S, and SL8-RM-S) failed to 28 13 pull down the replicase protein p27. In contrast, stem-restored mutants (SL7-LRM-S 1 and SL8-LRM-S) pulled down p27 efficiently (Fig. 3B ). In addition, the SL8 loop 2 mutant (SL8-LoopM-S) failed to pull down p27, whereas the SL7 loop mutant 3 (SL7-LoopM-S) pulled down p27 (Fig. 3B) . These results indicate that the stem 4 structures of SL7 and SL8, as well as the loop sequence of SL8, are required for 5 interaction with p27. The level of binding affinity between STagT-fused RNA2 3′-UTR 6 mutants and p27 (Fig. 3B) correlated well with the level of negative-strand RNA 7 synthesis of RNA2 mutants (1). 8
Next, to define the minimum RNA elements that are required for recognition by the 9 replicase proteins, we tested Strepto Tag-fused 170-nt and 84-nt RNA2 fragments 10 containing YRE (R2-3′-170-S and R2-3′-84-S). p27 and a protein of approximately 11 90-kDa protein, which was probably p88, were pulled down efficiently by R2-3′-170-S 12 and R2-3′-84-S (Fig. 3C ). Silver staining of the affinity fraction detected a single 13 prominent protein of 32 kDa, which was probably p27 (Fig. 3C ). In contrast, replicase 14 proteins were not pulled down by R2-3′-170M-S and R2-3′-84M-S, which are 15 derivatives of R2-3′-170-S and R2-3′-84-S that carry mutations in the loop of SL8 (Fig.  16   3C ). The 32 kDa protein was not detected by silver staining (Fig. 3C ). Taken together, 17 these results suggest that the structure of the upper helices and the loop sequence of 18 SL8 in YRE (84 nt) are required and sufficient for the interaction with the replicase 19 proteins and that p27 is a major YRE-interacting protein. 20
Both p27 and p88 were associated with YRE in BYLS20. The protein of ~90 21 kDa, which was detected using an anti-p27 antiserum, was pulled down by R2-3′-84-S 22 from BYL containing both p27 and p88 (Fig. 3C ). This protein was thought to be p88. 23
However, there was a possibility that this 90-kDa protein was a p27 oligomer. To 24 determine whether p88 is associated with YRE, we expressed C-terminally 25 FLAG-tagged p88 (p88-FLAG) from RNA1-p88F (Fig. 1B) via -1 ribosomal 26 frameshifting in BYLS20, and performed Strepto Tag affinity purification using 27 R2-3′-84-S and R2-3′-84M-S. p27 and p88-FLAG were detected efficiently with 28 directly with YRE. Radiolabeled R2-3′-84-S or R2-3′-84M-S was mixed with BYLS20, 18 in which p27-FLAG had been expressed, and subjected to UV cross-linking to couple 19 proteins covalently to RNA. Anti-FLAG affinity beads were used to immunoprecipitate 20 p27-FLAG and the associated RNAs. An R2-3′-84-S cross-linked protein of the 21 expected size for p27-FLAG was detected (Fig. 4C ). No specific cross-linking of 22 R2-3′-84M-S to p27-FLAG was detected (Fig. 4C ). These data indicate that p27 23 interacts specifically and directly with YRE. 24
The 480-kDa replicase complex was associated with YRE in BYLS20. Our 25 previous study (32, 33) demonstrated that the 480-kDa replicase complex containing 26 p27, p88, and host proteins was purified from both RCNMV-infected Nicotiana 27 benthamiana plants and BYL, in which RCNMV RNA1 was incubated. The 480-kDa 28 was expressed from R1-p27F-R1 in BYL, which contains cellular membranes, 18 followed by incubation of RNA2 or RNA2-SL8LoopM in the lysate. After 2 h of 19 incubation, these samples were fractionated into supernatant and membrane-containing 20 pellet using 20,000 × g centrifugation. Total proteins and RNAs extracted from these 21 fractions were analyzed by Western blotting using a p27-antibody and by Northern 22 blotting using an RNA2-detection probe. p27-FLAG was detected mainly in the 23 membrane-containing pellet fraction (Fig. 5A ). An ER marker protein Sec61 was also 24 detected in the membrane-containing pellet fraction (data not shown), supporting the 25 association of p27 with the ER membrane (33, 55; K. Kusuma, A. Mine, and T. Okuno, 26 unpublished data). Incubation with p27-FLAG revealed that 80% of wt RNA2 was 27 detected in the membrane fraction, whereas only 30% of RNA2-SL8LoopM was 28 RNA2 correlated with the membrane association of RNA2 via a replicase-YRE 11 interaction ( Fig. 5A ), which confirmed our previous report that YRE is required for 12 negative-strand RNA synthesis (1). 13
We also tested the role of YRE in the membrane localization of RNA2 and 14 negative-strand RNA synthesis using other YRE mutants in which the stem structures 15 of SL7 and SL8 were disrupted and restored. The mutant RNAs that carried disrupted 16 stem structures of SL7 and SL8 were detected mainly in the supernatant fraction, 17 similar to what was observed for the SL8 loop mutant (RNA2-SL8LoopM). In contrast, 18 mutants carrying restored stem structures of SL7 and SL8, or mutations in the loop of 19 SL7 were detected mainly in the membrane-containing pellet fraction, when incubated 20 with replicase proteins (data not shown). Together, these results suggest that the 21 association of RNA2 with the membrane correlated with the replicase-YRE interaction 22 and with negative-strand RNA synthesis. 23
To obtain more definitive evidence of the role of the interaction between YRE and 24 p27 in the recruitment of RNA2 to the membrane fraction, we performed a membrane 25 flotation assay using BYL, in which RNA2 or RNA2-SL8LoopM was incubated with 26 p27-FLAG. After sucrose gradient ultracentrifugation, the samples were manually 27 fractionated into three gradient fractions (top, middle, and bottom). Aliquots of these 28
These results suggest that RNA1 lacks a replicase-recruiter element such as YRE of 17 RNA2. We also showed that the translation process was required for the synthesis of 18 negative-strand RNA1 but not for that of RNA2 (Fig. 1A) , which supports our 19 previous findings that replicase proteins, especially p88, are required in cis for the 20 replication of RNA1 (40, 53). These results led us to hypothesize that translation of 21 replicase ORFs allows the correct binding of the encoded replicase proteins to RNA1. 22
To test whether replicase proteins interact with translating RNA1, we performed 23 coimmunoprecipitation experiments using replicase proteins and viral RNAs in 24 BYLS20. Capped R1-p27F-R1, R1-p88F-R1, and R1-RLF-R1, which encompass the 25 5′-UTR and the 3′-UTR of RCNMV RNA1 and encode C-terminally FLAG-tagged 26 p27, p88, and Renilla luciferase (R-Luc), respectively (Fig 1B) , were incubated in 27 BYLS20 for 2 h. Subsequently, these proteins were immunoprecipitated using a FLAG 28 affinity gel, and the coimmunoprecipitated RNAs were detected by Northern blotting 1 using an RNA1 3′-UTR detection probe (Fig 6A) . Full-length R1-p27F-R1 and 2 R1-p88F-R1 RNAs were coimmunoprecipitated with p27-FLAG and p88-FLAG, 3 respectively (Fig. 6B, lanes 1 and 2) , whereas R1-RLF-R1 did not 4 coimmunoprecipitate with RLuc-FLAG (Fig. 6B, lane 3) . Importantly, p27-FLAG and 5 p88-FLAG also pulled down ribosomal RNAs (Fig. 6B, lanes 1 and 2) , whereas the 6 level of ribosomal RNAs that coprecipitated with RLuc-FLAG was below a detectable 7 threshold (Fig. 6B, lane 3) . These results imply that the replicase proteins p27 and p88 8 interact with ribosome-bound mRNAs. It should be noted that SR1f, which is a 9 degradation product that contains the 3′-UTR of RNA1 (18), was not 10 immunoprecipitated to detectable levels with either p27 or the non-viral reporter R-Luc 11 (Fig. 6B, lanes 1 and 3) , although it was coimmunoprecipitated with p88-FLAG (Fig.  12 6B, lane 2). These results suggest the binding of p88 to the 3′-UTR of its translating 13 RNA1. 14 To investigate whether ribosome-bound states are important for the interaction 15 between the replicase proteins and the mRNAs tested above, we used cycloheximide 16 and puromycin in coimmunoprecipitation experiments. Cycloheximide inhibits 17 polypeptide chain elongation and freezes ribosomes on translating mRNAs (28). 18
Puromycin, a peptidyl acceptor antibiotic, causes polypeptide chain termination and 19 induces the dissociation of polyribosomes from mRNA (4, 28). R1-p27F-R1, 20 R1-p88F-R1, or R1-RLF-R1 was incubated in BYLS20 for 2 h, which was followed by 21 incubation with cycloheximide or puromycin for an additional 10 min. Subsequently, 22 p27-FLAG, p88-FLAG, and RLuc-FLAG were immunoprecipitated using a FLAG 23 affinity gel, and coprecipitated template mRNAs and rRNAs were detected using 24
Northern blotting and EtBr staining, respectively (Fig. 6A) . Cycloheximide treatment 25 did not affect the efficiency of coimmunoprecipitation of rRNA and mRNA, in all 26 samples (Fig. 6B, lanes 4-6) . In contrast, puromycin treatment markedly decreased the 27 efficiency of coimmunoprecipitation of both rRNA and mRNA (Fig. 6B, lanes 7 and 8) . 28 trans-supplied replicase proteins (Fig. 2) . Instead, RNA1 interacted with both p27 and 18 p88, only when these proteins were translated from their own templates, which 19 suggests that RNA1 interacts with the replicase proteins via coupling to translation. 20
These results support a cis-preferential requirement of p88 for the replication of RNA1 21 (40). Thus, the template-recognition mechanisms mediated by RCNMV replicase 22 proteins differ between RNA1 and RNA2. 
Carnation ringspot virus (1). 23
How does p27 recognize YRE specifically from a pool of host RNAs? In addition, 24 how does the YRE discern the differences between p27 and p88? The secondary 25 structure of the YRE resembles a Y-shaped structure with three-way junctions that is 26 ubiquitous in various functional RNAs, including riboswitches, ribozymes, ribosomal 27 RNAs, RNase P, and the signal recognition particle (SRP) (9). These RNAs 28 After affinity purification List of primers and their sequences used for PCR to generate constructs described in the text. CCAGTGAATTCTAATACGACTCACTATAGGGAGAAAGAGAATTGCTTTGGC R2_3'_84-GCGATCCCGGGAGAAAGAGAGACCCTACGAG MluI-FLAG-p88-R TGCGCACGTTCTACTTGTCATCGTCGTCCTTGTAATCTCGGGCTTTGATTAGATCTTTG R1-5'UTR-F ACAAACGTTTTACCGGTTTG R-Luc-FLAG-R CTTGTCATCGTCGTCCTTGTAATCTTGTTCATTTTTGAGAACTCGC R-Luc-FLAG-F GATTACAAGGACGACGATGACAAGTAATTGGTTCTTTTAAGTGTAGC
